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Proof-of-principle measurements of the electron densities, temperatures, and ionization states of
spherically compressed multi-shocked CH (polystyrene) capsules have been achieved using
spectrally resolved x-ray Thomson scattering. A total of 13.5 kJ incident on a CH shell, are used
to compress a 70 um thick CH shell above solid-mass density using three coalescing shocks.
Separately, a laser-produced Zinc He-o x-ray source at 9 keV delayed 200 ps - 800 ps in time
after maximum compression is used to probe the plasma in the non-collective scattering regime.
The data show that x-ray Thomson scattering enables a complete description of the time-
dependent hydrodynamic evolution of shock-compressed CH capsules, with a maximum
measured compression of p > 6 g cm”. In addition, the results demonstrate that accurate
measurements of x-ray scattering from bound-free transitions in the CH plasma demonstrate
strong evidence that continuum lowering is the primary ionization mechanism of carbon L-shell

electrons.



I. INTRODUCTION

Understanding the nature of warm dense matter (WDM) is of considerable practical importance
to many areas of high-energy physics. WDM occupies conditions between the physical regimes
of condensed matter and weakly coupled plasmas where material densities are typically on the
order of 0.1-10 times solid density and temperatures are between 0.1 to 100 eV. It is in this non-
ideal regime where simple approximations break down and a complete theoretical description of
the state of matter becomes increasingly difficult. Such extreme conditions are not only common
in astrophysical environments and believed to exist in the inner core of large planets (e.g., Jupiter
or Saturn) [1-3], but also exist during laser and ion beam heating of materials [4], along with the
first stages of compression in inertial confinement fusion (ICF) experiments [5, 6]. Thus,
accurate modeling of matter at extreme conditions is of central interest in designing and
understanding fusion energy experiments that are currently taking place at the National Ignition

Facility [7, 8].

A. Coalescing shocks

Single shock pressures on the order of 20-40 Mbar have been achieved by direct, high-intensity
laser irradiation of a low-Z ablator surface, such as a CH foil [9-15]. However, single shocks can
only create states along the single-shock Hugoniot [16]. Laser pulse shaping can be used to
generate a sequence of multiple, time-delayed shocks. These separate shocks, controlled by the

laser intensity and pulse duration, can be used to compress a sample nearly isentropically



resulting in pressures beyond 100 Mbar at relatively low temperatures (T, < 15 eV). Figure 1
shows the ability to use three coalescing shocks to exceed previously measured single shock
Hugoniot equation of state (EOS) results for shock-compressed CH capsules, thus providing an
excellent method to evaluate and benchmark current computational hydrodynamics models in the
high-energy regime. In this paper, we present an experimental platform that can spherically
compress CH capsules with solid densities up to 8 g/cc exceeding 100 Mbar in pressure using
multiple coalescing shocks, while simultaneously measuring the electron temperatures and
electron densities using spectrally resolved x-ray Thomson scattering [17-24]. By directly
measuring the mass density, electron temperature, and the ionization state, it is possible to
observe the dynamic behavior of the plasma in order to verify compression using three shocks

and understand the hydrodynamic evolution of coalescing shocks in imploding CH capsules.

B. X-ray Thomson scattering

X-ray Thomson scattering has proven to be an accurate in situ diagnostic tool that can be used to
determine the properties of above solid-density plasmas [17]. X-ray Thomson scattering is the
scattering of x-ray radiation by electrons in a material that are either free, weekly bound, or
tightly bound to the ion. The total scattered x-ray spectrum demonstrates a unique intensity
profile and spectral shape that depends on a combination of scattering contributions that are
distinctly related to the temperature, density, and ionization state of the plasma [26]. The total
scattered cross section (Equation 1) can be described in terms of oy, the Thomson scattering

cross-section, and k, and k_, the scattered and incident wave vectors, respectively.
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It is possible to separate the total density fluctuations between the free Z;, and bound Z, electron
contributions, as well as the motion of the ions. The details of this procedure are given by
Chihara [26, 27], where the probability of finding ions and electrons with respect to other ions

and electrons in the plasma is expressed by the total dynamic structure factor S(k,w), which can

be described by the following Equation.

S(k.w) =|f,(k) + q(k)| S, (k.w) + Z, S0, (k.w) + Z, [ S, (k.o - 0)S,(k,0)do )

e

The first term in Equation 2 results from elastic scattering of tightly bound electrons
(Rayleigh scatter) that are co-moving with the ions where fi(k) is the atomic form factor
describing the elastic scattering from bound electrons, q(k) contains the contribution from the
electrons in the screening cloud around the ion [28], and S;(k) is the ion-ion density correlation
function.

The second term in Equation 2 describes the inelastic scattering due to free electrons, where
S..(k,m) is the electron-electron density correlation function and Z; is the effective free ionization
state. For relatively low temperatures and high densities produced by the coalescing shock
waves, the plasma is expected to be weakly degenerate [24]. Under such conditions, the width of
the inelastic scatter is sensitive to changes in the Fermi energy E; and can be used to calculate
the electron density, n.. The shape of the Compton signal can also be used to infer information

on the electron temperature, T..



The third term in Equation 2 describes inelastic excitations of states within an atom or ion
into the continuum, represented by S..(k, w) where Z, is the effective bound ionization state.
Such scattering from these weakly bound states will demonstrate a Compton shift where the
incident x-ray photons can transfer their energy to the electrons [29]. Such bound-free transitions
are modulated by the self-motion of the ion, S,(k, w). This entire contribution has been neglected,
or treated as a background constant in many previous low-Z experiments [18-21]. However, for
relatively higher Z materials, such as carbon, this scattering component can demonstrate a
significant contribution [30, 31]. In addition, weak scatter from bound electrons spectrally
shifted beyond the inelastic scattered signal can be used to calculate the ionization state of the
CH via the relative ratio of the measured bound-free to free-free (inelastic) signals. By spectrally
resolving the scattering, the elastic unshifted scattering component can be separated from these
bound-free transitions, along with the Compton shifted inelastic component.

The theoretical screening formalism for the expected elastic x-ray Thomson scattered signals
in a multi-component plasma, such as CH, are typically calculated using a weighted average for
carbon and hydrogen, where carbon demonstrates the largest contribution [32]. The Debye limit

for the carbon screening function q.(k) is approximated by the following Equation.

Z*K?
k* + K2

q(k) = 3)

However, this approximation is only valid for small k. Under many experimental conditions, the
Debye approximation is sufficient as the k-value probed is either in this limit, or the value q(k) is
insignificant for large k (q ~ 0) as the screening function is itself negligible (Figure 2). In this

experiment, we are probing the plasma in an intermediate regime where the standard Debye



approximation needs to be replaced with a more accurate solution, such as the full random phase
approximation (RPA) [32, 33], where the screening function q(k) is not yet negligible. Thus, one
can expect ~16% reduction in the elastic scattering contribution as calculated with the Debye
approximation. This discrepancy can clearly be observed at k*az=4.445, as probed, and is the
first time such an effect has been important when calculating accurate measurements of the

electron temperature via the absolute intensity of the Rayleigh scattering contribution.

C. Continuum lowering

In the case of highly compressed states of matter, the electric field distribution of an ion can be
influenced by its own bound electrons as well as the field of neighboring ions. Such a situation
can result in ionization potential depression (i.e. continuum lowering). The amount by which the
continuum is depressed can be calculated by the change in the energy of the electrostatic
potential produced by the ionization of an ion. Modification to the potential around the ion is a
function of the screening distance of the Coulomb forces and the number of ions that participate
in the processes [34-36]. However, a solution to such a complex multi-body problem is not
trivial. There are many different models (or combination of models) that can be used to calculate
the net lowering of the ionization potential. Models such as the Stewart—Pyatt, Ecker-Kroll,
Debye—Huckel, or the ion-sphere average atom approach all depend on different assumptions in
the charge screening calculations [37-39]. Due to the difficulties of creating states of matter, with
a known density, that are extremely dense and ionized at the same time, many of these models
have not been systematically evaluated. However, recent results from Ciricosta et al. [40] have

renewed an interest in this topic and have called attention to the accuracy of these different



models. X-ray Thomson scattering from bound-free transitions provides information about the
level of continuum lowering under well-characterized n, and T, plasma conditions. For many
high-energy density experiments, the predicted AE can account for approximately 10—40 % of
the ionization energy, depending on the continuum lowering model used and the plasma
conditions created. L-shell edges in carbon are within this energy range, thus the contribution of
x-ray scattering from bound-free L-shell electrons can be used to accurately monitor any

additional ionization that is caused by continuum lowering.

II. EXPERIMENT

In this experiment, empty CH capsules, 70 um thick were isotropically irradiated using 13.5 kJ
of 351 nm (Bw) ultraviolet laser light. We then probed the compressed plasma interior using a
high-energy Zinc He-o x-ray source at 9 keV from a separate laser irradiated Zinc foil. Figure 3a
shows a schematic of the experimental configuration and the target geometry along with a
photograph of the target (Fig. 3b). In addition, hydrodynamic simulations performed with Helios
(Fig. 3c) demonstrate the possibility of compressing 70 wm thick CH ablators up to 8 g cm™
using three co-propagating coalescing shocks [41]. The simulations show that a mass density of
approximately 7x the initial solid-density (pey=1.1 g cm™) can be accomplished using a pulse
shape, shown in Figure 3c lineout, with three timed steps of 1 ns, 1.5 ns, and 500 ps in time
duration along with precisely controlled amplitudes of 0.67 TW, 6.85 TW, and 15.5 TW,
respectively. Figure 3¢ shows the measured radii of the CH shell superimposed on radiation-
hydrodynamic simulations of the shell mass density as function of time and shell radius. In the

Figure, t = O ns indicates the start of the drive beams, and t = 3 ns is when the laser pulse has



turned off. The simulations predict peak compression (full shock coalescence) at the end of the 3
ns-long laser drive, after which the shock begins to dissipate.

Under a non-collective scattering geometry, using a scattering angle of 0=135° from the
incident x-rays, a HOPG crystal spectrometer was used to spectrally resolve Thomson scattering
signals using an energy range of approximately 7.4 to 11.8 keV, with a central energy of 9.6
keV, when operated in first order. Temporal resolution was achieved by probing the plasma
using a time delay between the drive laser beams (used to heat the CH capsule) and the probe
laser beams incident on a Zn foil (used to produce 9 keV Zinc He-a x-rays) in combination with

a time-gated micro-channel plate (MCP) detector as part of the spectrometer setup.

ITI. RESULTS

The plasma generated in this experiment is weakly degenerate, as a result T.,~Ty and the width of
the inelastic scattering feature is only weakly sensitive to the electron temperature. However, as
described previously, the inelastic scattering is strongly correlated with the electron density. The
elastic scattering in contrast, is sensitive to the electron temperature and ionization, and is weakly
correlated with the electron density. Therefore, the electron temperature can be constrained by
the amount of Rayleigh scatter. By combining the theory outline in previous sections concerning
the unique state of carbon L-shell bound-free transitions with the full RPA description for the
elastic (Rayleigh) response, the best fits to theoretical spectra shown in Figure 4 allow one to
infer the temperature, electron density, and ionization state of shock compressed CH as a
function of time.

Results in Figure 4 shows the time ordered sequence of the spectrally resolved x-ray



Thomson scattering signals, where the earliest x-ray scattering spectrum is collected 400 ps after
expected peak compression. Figure 4 demonstrates an elastic scattering component, measured at
~9 keV, and a down-shifted inelastic Compton feature at ~8.75 keV. From the Figure one can
notice that the inelastic scatter is shifted by the expected Compton energy of E. = 245 eV and is
spectrally broadened. The changing shape of the Compton feature with respect to time, as seen in
Figure 4, shows that the electron density and the electron temperature change with shock
propagation. The Compton feature at each time of 3.4 ns, 3.5 ns, 3.6 ns, and 3.8 ns represent the
response of the compressed state during shock coalescence. The synthetic x-ray Thomson
scattering spectrum best theoretical fit of the electron velocity distribution to the experimental
data yields a systematic decrease in both the electron temperature T, of = 10 eV, 8 eV, 6 eV, 6
eV and the electron density n, = 1.40 x 10** cm?, 1.05 x 10* cm™, 0.95 x 10** cm”, 0.80 x 10*
cm” with respect to time.

By directly comparing the measured scattered spectra to the calculated total dynamic
structure factor, we can accurately determine the n, and T, of the plasma. In Figure 5, the
statistical differences between the theoretical fits to the measured experimental data at 3.4 ns, as
calculated by the root mean squared (RMS), demonstrates contour lines for the RMS as a
function of n, and T.. As mentioned previously, the electron density is calculated from first
principles, the electron temperature uses a combination models that are reflected in the entire
scattered profile. This fitting technique allows for the ability to measure a unique combination of
both the electron density and temperature simultaneously from the shape of the Compton profile
and the absolute intensity of the elastic scattering feature. The global minimum as defined by the
minimum innermost contour, in Figure 5, indicates the range of best fits to the experimental data

that correspond to the best-fit theoretical curve, shown in Figure 4. This global minimum can be



used to characterize a well-defined range of uncertainties in our final analysis. From our analysis,
sensitivity of experimental fitting to both the inelastic and the elastic scattering features can be as
low as 10 % error for n, and 15 % error in T..

Profiles of the bound-free dynamic structure factor for carbon plasmas, for two different
bound-free models Impulse Approximation (IA) and Form Factor Approximation (FFA), at
different ionization states of Z.=2, and Z.=4 are demonstrated in Figure 6. FFA is calculated by
using the first Born approximation and hydrogenic wavefunctions for both the initial and final
states of the core electron [42]. A more comprehensive treatment of the core electrons using IA
assumes that the ionization potential depression is close to the ionization energy of the L-shell
electron, effectively the electron is nearly free and the bound scattering contribution should look
very similar to the free one resulting in a shift in energy that is on the same scale as Compton
feature [43, 44]. The valence L-shell electrons of carbon are highly localized in momentum space
and will result in a very narrow spectral band contribution to the Compton profile. The unique
profile that results from the L-shell transition can be used to accurately determine the ionization
state of the CH capsule for our conditions. It is clear from the profiles demonstrated in Figure 6
that there is no observable L-shell contribution to the total x-ray scatter in either bound-free
approximation. Such a result indicates a complete depletion the L-shell electrons from which we
can deduce a carbon ionization Z-=4. In addition, it can be inferred from the measured electron
temperatures that the hydrogen is fully ionized in this experiment (i.e. hydrogen ionization state
Z,=1). It should be noted, on the other hand, that plasma temperatures of T.=10 eV are not high
enough to result in a measured ionization state Z.=4. Therefore other ionization mechanism,
such as continuum lowering, may have a significantly large contribution to the observed

ionization state of carbon. The results from this study are consistent with the earlier findings



presented by Ciricosta et al. [40] that demonstrate a larger than predicted ionization potential
depression as calculated by many other widely used ionization models, such as Stewart-Pyatt
(SP) and Ion-Sphere (IS). Using a measured carbon ionization state of Z.=4 (with Z,,=1), results
in a measured compression of 5.5x, 4.13x, 3.74x, 3.14x the solid mass density over this same
time interval.

The time evolution of the electron temperature, electron density, and mass density of
spherically shocked-compressed CH capsules can be observed in Figure 7. The results, in
combination with the hydrodynamics simulation (HYDRA), demonstrate the ability to laser
compress CH capsules to a peak condition of approximately 7x the initial solid-state density (Fig
7a). The measurements of the mass density (calculated via the ionization state) and electron
temperature (Fig 7b) are in agreement with the hydrodynamics code, and do not demonstrate any
significant deviation outside of the experimental error. However, the measured electron density
(Fig 7c) deviates significantly from the predicted values. It is important to note that only at high
ionization states (Z.=4) will the results agree with the mass density as predicted by the
hydrodynamic models. Due to the lack of L-shell contributions to the bound-free scatter and the
low contribution of K-shell electrons, it is not possible to accurately discriminate between the
two bound-free models IA and FFA when comparing the calculated plasma properties. Improved
resolution using coherent x-ray lasers, where it is possible to take advantage of a high intensity
and small bandwidth source, can greatly enhance our signal to noise as well as increase the
separation between scattering components allowing for more accurate characterization of the

bound-free models. Such high-precision measurements will be conceder in future investigations.

IV. CONCLUSIONS



We have successfully demonstrated the ability to measure ionization, compression, and heating
of three coalescing shocks in CH capsules using Zn He-a x-ray Thomson scattering. Time
resolved measurements of both the elastic and inelastic scatter have been used to examine the
changes in both the electron temperature and the electron densities. In addition, we have
successfully investigated the sensitivity in the bound-free scattering contribution and used the
results to accurately determine the ionization state of shock-compressed carbon. To this end,
there is strong evidence that continuum lowering is the primary ionization mechanism where
only one unique solution, at high ionization states (Z.=4), has demonstrated agreement with the
theoretical x-ray Thomson scattered spectra using two different bound-free models. The
presented results have important applications towards inertial confinement fusion experiments
and highlight the importance towards accurate continuum lowering models or opacity tables for

future implosion designs.
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FIGURE CAPTIONS

Figure 1 (Color online) - Previously published studies of single shock compressed CH foils.
Calculated Hugoniot curve for three-shocked compressed CH capsule [9-15].

Figure 2 (Color) - Logarithmic plot of the screening function q(k), for carbon, using the Debye
approximation and the complete RPA description under plasma conditions of Z.=4, with n, =
(1.45,1.35,1.20) x 10* cm™ and T,.=6.5, 10, and 13.5 eV respectively.

Figure 3 (Color) - The experimental setup to study spherically convergent coalescing shocks in
CH capsules; a.) Schematic diagram of the target geometry, laser beam configuration, and k-
vectors; b.) Photo of CH cone- in-half-shell target; c.) 2-D Helios simulation of the mass density
is shown as a function of CH shell radius, and input pulse shape dimensions (TW and time
duration) along with shock conditions explained in this study.

Figure 4 (Color) - Thomson scattering curve fit analysis. Measured scattered spectra (blue) and
best fit (red) to the Compton x-ray scatter features from multi-shocked CH ablators at t = 3.4 ns,
3.5 ns, 3.6 ns, and 3.8 ns, yielding n_, T, for Z.=4.

Figure 5 (Color) - RMS fit of the full x-ray Thomson scattered spectrum (inelastic and elastic
feature) for CH x-ray scattering data taken at t = 3.4 ns (400 ps after shock coalescence)
indicating that single shot data from coalescing shocks provide accurate characterization with 15-
20% error bar.

Figure 6 (Color) - Calculated Thomson scattering profile calculated with a.) Form Factor
Approximation and b.) Impulse Approximation bound-free models for ionization states of Z.=2,
and Z-=4.

Figure 7 (Color online) - Direct measurements of the a.) Mass density, b.) Electron temperature,
and c.) Electron density, inferred from spectrally resolved x-ray Thomson scattering plotted as a
function of time (using bound-free models IA and FFA). Data points are plotted with 2-D
Hydrodynamic simulation (HYDRA) of multi-shocked compressed CH capsules.
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Figure 7
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